The auditory system of echolocating bats shows remarkable specialization likely related to analyzing echoes of sonar pulses. However, significant interspecies differences have been observed in the organization of auditory pathways among echolocating bats, and the homology of auditory nuclei with those of non-echolocating species has not been established. Here, in order to establish the homology and specialization of auditory pathways in echolocating bats, the expression of markers for glutamatergic, GABAergic, and glycinergic phenotypes in the subcortical auditory nuclei of Japanese house bat (Pipistrellus abramus) was evaluated. In the superior olivary complex, we identified the medial superior olive and superior paraolivary nuclei as expressing glutamatergic and GABAergic phenotypes, respectively, suggesting these nuclei are homologous with those of rodents. In the nuclei of the lateral lemniscus (NLL), the dorsal nucleus was found to be purely GABAergic, the intermediate nucleus was a mixture of glutamatergic and inhibitory neurons, the compact part of the ventral nucleus was purely glycinergic, and the multipolar part of the ventral nucleus expressed both GABA and glycine. In the inferior colliculus (IC), the central nucleus was found to be further subdivided into dorsal and ventral parts according to differences in the density of terminals and the morphology of large GABAergic neurons, suggesting specialization to sonar pulse structure.
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| INTRODUCTION
Echolocating bats emit short sound pulses to targets, and measure the distance to the targets by using the echoes of sound pulses (Grinnell, 1995) . Bats use a variety of sound information from echoes, including spectral changes caused by Doppler shifts (Hiryu, Mora, & Riquimaroux, 2016) , temporal information such as echo delay (Dear, Fritz, Haresign, Ferragamo, & Simmons, 1993; Ferragamo, Haresign, & Simmons, 1998) , and interaural differences (Park, Klug, Holinstat, & Grothe, 2004; Sayegh, Aubie, & Faure, 2014) , to identify the direction of targets. Accordingly, the nuclei of the auditory system are responsive for this analysis and will be highly specialized (Covey & Casseday, 1995) .
To understand the organization of auditory pathway of echolocating bat, it is important to identify each auditory nucleus and evaluate interspecies differences to the common mammalian plan.
We have previously analyzed the expression patterns of markers for excitatory and inhibitory neurons in the auditory system in both rodents and primates (Ito, Bishop, & Oliver, 2011; Ito, Inoue, & Takada, 2015) . Results from these studies indicated that these markers are useful for identifying and characterizing the functions of auditory nuclei, particularly the subnuclei of the superior olivary complex (SOC) and the nuclei of the lateral lemniscus (NLL). For example, the superior paraolivary nucleus (SPO) is characterized by strong expression of GAD67, a marker of gamma-aminobutyric acidergic (GABAergic) inhibitory neurons, while the medial superior olive (MSO) is clearly identified by the absence of expression of inhibitory markers.
In addition, the intermediate nucleus of the lateral lemniscus (ILL) can be discriminated from the ventral nucleus (VLL) by the presence of excitatory neurons expressing vesicular glutamate transporter 2 (VGLUT2), a marker of glutamatergic neurons. These studies were also successful in finding interspecies differences. One example is the Japanese monkey in which the SPO is not present and local GABAergic neurons are distributed in the medial geniculate body (MGB).
Among bat species, there are significant interspecies differences in cytoarchitectonic features (Covey & Casseday, 1995) , thus it is important to determine neurotransmitter profiles in bat auditory pathways to better characterize the functions of auditory nuclei.
The inferior colliculus (IC) receives input from all brainstem auditory nuclei, which serve to analyze and integrate different aspects of sound information in parallel (Adams, 1979; Ito, Bishop, & Oliver, 2016; Malmierca, 2015; Ono & Ito, 2015) . Inside the IC, small domains which receive a particular combination of ascending inputs are present (Cant & Benson, 2006) and are likely to serve to analyze a particular aspect of sound information (Loftus, Bishop, & Oliver, 2010) .
Indeed, in the bat IC the features of the echoes of sonar pulses, such as the duration, and echo delay, are likely represented (Casseday, Ehrlich, & Covey, 1994; Ferragamo et al., 1998) . To better understand specialization related to the representation of echoes, we focused on GABAergic neurons because IC GABAergic neurons receive input from various nuclei regardless of location, while glutamatergic neurons receive different sets of inputs related to IC location (Chen, Cheng, Ito, & Song, 2018) . As each lower brainstem nucleus encodes different aspects of sound information (Malmierca, 2015) , GABAergic neurons are likely more suitable for integrating sound information analyzed in multiple nuclei than glutamatergic neurons. Therefore, GABAergic neurons likely act as hubs of sound information integration, which is required for echo analysis. Inside the amniote IC, two classes of GABAergic neurons are present, with large GABAergic (LG) cells receiving dense synaptic contacts from VGLUT2-containing excitatory axosomatic terminals and project to the MGB, while small GABAergic (SG) cells lack dense axosomatic inputs Ito & Atoji, 2016; Ito, Bishop, & Oliver, 2009; Ito & Oliver, 2012) . LG cells receive converged inputs from ascending fibers from lower brainstem neurons and collaterals from local neurons (Ito & Oliver, 2014) . Furthermore, in echolocating bat, LG, and glutamatergic cells receive input from distant part of the IC, while SG cells receive input from their proximity (Ito, Furuyama, Hase, Kobayasi, & Hiryu, 2018) . These findings suggest that LG cells are suitable for sound information integration.
The aim of this study was to identify the profiles of major neurotransmitters, including glutamate, GABA, and glycine, in the subcortical auditory pathways and determine the detailed organization of the midbrain integration center (the IC) of the echolocating bat species, the Japanese house bat (Pipistrellus abramus), which uses frequency modulated (FM) calls for biosonar. To this end, we used the molecular expression of the markers VGLUT2, glutamic acid decarboxylase 67 (GAD67), and glycine Transporter 2 (GLYT2), respectively. Our results revealed common features among echolocation bat species, as well as their specialization, which is likely related to echolocation behavior in this species.
| METHODS
| Subjects
Japanese house bats (Pipistrellus abramus) were used in this study.
Pipistrellus abramus is a member of the Vespertilionidae and is commonly found in Japan. The bats were captured from a large colony roosting on bridge girders near the campus of Doshisha University, Kyotanabe, Japan. The bats were kept in a humidity-and temperature-controlled rearing cage, and were allowed free access to food (mealworms) and water. Experiments were conducted on adult bats of both sexes (three females and one male). All experiments were conducted in accordance with institutional guidelines at the University of Fukui and the Doshisha University.
Bats were deeply anesthetized with pentobarbital sodium (64.8 mg/kg, i.p.) and perfused transcardially with 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). The brains were dissected out, and immersed in the same fixative overnight. After cryoprotection with 30% sucrose in 0.1 M phosphate buffer (pH 7.4) at 4 C for 1-2 days, brains were cut into two pieces at the midline, and 20 μm-thick serial coronal and sagittal sections of the brainstem were cut with a freezing microtome from the rostral medial geniculate body to a point caudal to the dorsal cochlear nucleus. Every fourth section was used for histology. One set of serial sections was used for cresyl violet Nissl staining.
| Antibodies
In this study, mouse monoclonal antibody for GAD67 (antiserum MAB5406, Millipore, Billerica, MA; RRID: AB_2278725), rabbit polyclonal antibody for VGLUT2 (RRID: AB_2336885) (Fujiyama, Furuta, & Kaneko, 2001) , and guinea-pig anti-GLYT2 antibody (AB1773, Merck; RRID: AB_90953) was used. The immunogen used for anti-GAD67
antibody was a recombinant whole protein of rat GAD67. We tested homology of rat GAD67 by using Protein BLAST (https://blast.ncbi.
nlm.nih.gov/; RRID: SCR_001010), and found that the amino acid sequence of rat GAD67 protein (Accession No: NP_058703.1 in NCBI Protein database, RRID:SCR_003257) shared 96% identity to predicted sequence of GAD67 of big brown bat (Eptesicus fuscus)
(Accession: XP_008136804.1), which is another member of the Vespertilionidae. In the previous study (Ito et al., 2007) , we confirmed the specificity of the anti-GAD67 by western blot and an absorption test.
In the western blot, a single band around 67 kDa was detected (which is also described in manufacturer's sheet). No signal was detected in rat brain sections incubated with the antibody (1,3,000) preabsorbed with recombinant rat GAD67 protein (180 μg/mL). Furthermore, the staining pattern of the antibody was consistent with the previous study (Vater, Kossl, & Horn, 1992) .
The immunogen used for anti-VGLUT2 antibody was a synthetic peptide to C-terminal amino acid residues CWPNGWEKKEEFVQE-SAQDAYSYKDRDDYS of rat VGLUT2 (aa. 554-582), which has 79% similarity in Protein BLAST to the corresponding part of predicted sequence of VGLUT2 of big brown bat (Accession: XP_008147186.1).
Specificity for the antibody was characterized by western blot and an absorption test (Fujiyama et al., 2001 ). In the western blot, a single band around 62 kDa was detected. No signal was detected in rat brain sections incubated with antibody preabsorbed with 10,000-fold (in mol) excess amounts of the synthetic peptide used for the immunization.
The immunogen used for anti-GLYT2 antibody was a synthetic peptide to C-terminal amino acid residues GTSSLGLKLPV KDLELGTQC of rat GLYT2 (aa. 780-799), which has 95% similarity in protein BLAST to the corresponding part of predicted sequence of GLYT2 of big brown bat (Accession: XP_008147191.1). In the Western blot, a single band around 98 kDa was detected, and no signal was detected in rat brain sections incubated with antibody preabsorbed with 10,000-fold (in mol) excess amounts of the synthetic peptide used for the immunization (described in manufacturer's sheet).
The immunochemical signal was found in axons and terminals but not in cell bodies, and matched the distribution of glycine transporter and synaptic endings of the rat central auditory pathways (Friauf, Aragon, Lohrke, Westenfelder, & Zafra, 1999).
| Immunohistochemistry
Sections were incubated in 0.01 M sodium citrate (pH 6.0) at 80 C for 2 hr to enhance immunoreactivity. After a brief wash, the sections were incubated for 48 hr with mouse anti-GAD67 (1:1000) and rabbit anti-VGLUT2 (0.5 μg/mL) diluted in incubation buffer (1% normal donkey serum, 0.3% Triton X-100, 0.2% sodium azide, and 0.05 M phosphate-buffered saline) at 4 C.
For bright field labeling, the sections were washed and incubated 3 hr with donkey biotinylated anti- For testing immunohistochemistry, we used coronal spinal cord sections of the same animals, and conditions for immunostaining were examined. We found after the heating with citrate buffer, the patterns of immunoreactivity for GAD67 and VGLUT2 were very similar to those in rats and mice. As a negative control, we used spinal cord sections of bats and omitted primary antibodies, and confirmed no labeling. NM_203334.1). The cDNA sequences of VGLUT2, GAD67, and GLYT2 probes are highly similar (89%, 89%, and 86%, respectively) to the corresponding cDNAs of big brown bat, according to NCBI BLAST (RRID: SCR_004870). Sections reacted with sense riboprobes exhibited no signal at all. Therefore, the riboprobes used seem to be highly specific in Japanese house bat.
| In situ hybridization histochemistry
The procedure for nonradioactive in situ hybridization histochemistry (ISH) was described previously (Ito et al., 2011; Ito et al., 2007; Liang et al., 2000) . 
| Imaging
Bright field micrographs were acquired with an upright microscope (AX80, Olympus, Tokyo, Japan) equipped with × 4 and × 10 lenses (NA = 0.16 and 0.4, respectively) and a digital camera (DMC-GH3, Panasonic, Osaka, Japan). To compensate nonuniform illumination, a blank image was acquired, and subtracted from original microscopic images. As the process of immunohistochemistry caused shrinkage of sections, we enlarged the images of immunostained materials to fit the corresponding images of adjacent Nissl stained sections. We determined the subnuclei and subdivisions of auditory nuclei based on previous studies; cochlear nuclei (CN) (Osen, 1969; Zook & Casseday, 1982) , SOC (Casseday, Covey, & Vater, 1988; Grothe, Pecka, & McAlpine, 2010; Zook & Casseday, 1982) , NLL (Covey & Casseday, 1991; Malmierca, Leergaard, Bajo, Bjaalie, & Merchan, 1998; Zook & Casseday, 1982) , IC (Loftus, Malmierca, Bishop, & Oliver, 2008; Malmierca, Blackstad, & Osen, 2011; Vater et al., 1992; Zook, Winer, Pollak, & Bodenhamer, 1985) , and MGB (Winer & Larue, 1996; Winer & Wenstrup, 1994; Winer, Wenstrup, & Larue, 1992) .
Fluorescent micrographs were acquired with a laser scanning confocal microscope (TCS AOBS SP 2, Leica) with a × 63 oil-immersion lens (NA = 1.4). Neurotrace was excited by a 488 nm Ar laser, and emitted fluorescence was filtered with a 500-530 nm band-pass filter. Cy3 was excited by a 543 nm He-Ne laser, and emitted fluorescence was filtered with a 565-615 nm band-pass filter. Cy5 was excited by a 633 nm He-Ne laser, and emitted fluorescence was filtered with a 650 nm low-pass filter. Images of each dye were taken sequentially to avoid bleed-through artifact. Images covering the whole IC were acquired, and montages of IC sections were made.
Minimal adjustments of levels were made in Photoshop CS3 (Adobe Systems, San Jose, CA; RRID: SCR_014199). From the montages, GAD67-positive (+) cells of which nucleoli were identified from Neurotrace stain were plotted, and identified as either large or small GABAergic (LG and SG) neurons from the presence or absence of dense VGLUT2+ terminals. If more than 30% of perimeter of GABAergic neurons was apposed with VGLUT2+ terminals, we assigned them as LG neurons, and remaining GABAergic neurons as SG neurons, based on previous studies (Ito et al., 2009; Ito & Atoji, 2016) . Mean diameter of these GABAergic cells, and normalized ventro-dorsal location, which was distance from ventral edge to dorsal end of the ICC divided by whole ventro-dorsal length of the ICC, were measured. For comparison, we reused data obtained from rats in the same method (Ito et al., 2009 ). These measurements were done on Neurolucida software (MBF Bioscience, Williston, VT; RRID: SCR_001775).
| Analysis of terminals in fluorescent images
Images of LG neurons were acquired with a confocal scanning laser 
| Statistical analysis
As we repeatedly sampled LG neurons from each animal (more than 20 cells per animal), total number of LG cells exceeds hundreds when comparing difference between LG and SG neurons. It is known that to assume the number of total-counted cells for N is "pseudoreplication", and produces too low p-value when assuming that the samples obey normal distribution (Crawley, 2005) . In fact, interindividual difference skews normal distribution, and therefore statistical tests which assume normal distribution cannot be justified for psudoreplicated data. To take account for skewness of distribution caused by psudoreplication, random effects caused by interindividual difference must be is difficult to determine without molecular inspection. Thus, we described the cytoarchitecture and molecular expression patterns, and examined specialization compared with other mammalian species.
| Cochlear nuclei
Compared to rodents, the relative proportion of ventral cochlear nucleus to the brain size of the Japanese house bat is extremely large (Figures 1 and 2 ). In the anteroventral cochlear nucleus (AVCN), cells with spherical somata were primarily located in the dorsal part, while in the ventral part, cells were more irregular shaped (Figure 2a ). The density of GAD67+ terminals was higher in the dorsal part than in the FIGURE 1 Low-magnified image of coronal brain sections of Japanese house bat (Pipistrellus abramus) containing the inferior colliculus (IC), nuclei of the lateral lemniscus (NLL), cochlear nuclei (CN), and superior olivary complex (SOC), stained for cresyl violet (a), immunostained for GAD67 (b), GLYT2 (c), and VGLUT2 (d). Images were obtained from two female animals, and cresyl violet and GAD67 immunostaining were from one animal, and GLTY2 and VGLUT2 immunostaining were from the other (the same manner is applied for Figures 2-4, 8, 15 ). Scale bars: 750 μm (Figure 2d ). In the lateral surface area of the AVCN, numerous granule cells were present, and the granule cell domain exhibited a high density of GAD67+ terminals. In the posteroventral cochlear nucleus (PVCN), the somatic shape was also different between the dorsal and ventral parts (Figure 2e ). In addition, the density of GAD67+ terminals was also different between the dorsal and ventral parts, with the highest density observed in the marginal zone between the PVCN and the dorsal cochlear nucleus (DCN) (Figure 2f ).
The DCN was easily distinguished from other nuclei by the presence of three layers, with the density of GAD67+ terminals the highest in Layer 2 (Figure 2f ). GLYT2 immunoreactivity was strong in both PVCN and DCN, and the intensity was the highest in the deep layer of the DCN (Figure 2g ). VGLUT2+ terminals were the densest in upper layers of the DCN, and lowest in the PVCN (Figure 2h ).
| Superior olivary complex
As the SOC of bats is very different from that of other mammalian species, the definitions of the subnuclei are different among studies (Casseday et al., 1988; Grothe et al., 2010; Zook & Casseday, 1982) .
As the neurotransmitter expressions of each subnuclei have been identified in the rodent SOC (Ito et al., 2011) , we examined the mRNA expression of VGLUT2, GAD67, and GLYT2 as markers for glutamatergic, GABAergic, and glycinergic neurons in the bat SOC. From these results, we then identified subnuclei according to the molecular profiles of the rodent SOC.
The SOC is composed of three large compact nuclei, namely, the medial and lateral superior olive, and medial nucleus of the trapezoid body (MSO, LSO, and MTB), and surrounding nuclei, including the superior paraolivary, lateroventral, and medioventral periolivary nuclei (SPO, LVPO, and MVPO) (Figures 3a,e, 4a , 5a, 6a, 7a). The periolivary FIGURE 3 Coronal sections of the superior olivary complex stained with cresyl violet (a, e) and antibodies for GAD67 (b, f), GLYT2 (c, g), and VGLUT2 (d, h). Panels a-d are at the level of rostral end of the medial superior olive (MSO), and panels e-h are at the level of rostral end of the lateral superior olive (LSO). Abbreviations: Sp5, spinal trigeminal tract; 7n, facial nerve; MTB = medial nucleus of the trapezoid body; SPO = superior paraolivary nucleus; LVPO = lateroventral periolivary nucleus; MVPO = medioventral periolivary nucleus; DL = dorsolateral; VM = ventromedial. Scale bars: 300 μm nuclei also covered the LSO dorsally and MSO rostrally (not shown).
The density of GAD67+ terminals was substantially lower in the former three nuclei than in others (Figures 3b,f, 4b ). Similar to GAD67
immunostaining, the density of VGLUT2+ terminals were lower in the former nuclei than in others (Figures 3d,h, 4d ). GLYT2 immunoreactivity is outstanding throughout the SOC, and the intensity of staining was especially high in the LSO, MSO, and SPO (Figures 3c, g, 4c) . The SPO was distinguished by the presence of GAD67-immunopositive cell bodies and a moderate density of GAD67+ fibers (Figures 3b,f,   4b ). Accordingly, the mRNA for GAD67 was strongly expressed in the SPO (Figures 5b, 6b ). In contrast, GLYT2 mRNA was weakly expressed in part of the SPO neurons (Figures 5c, 6c) . The MTB is a large nucleus that extends rostro-caudally through almost the entire SOC (Figure 5a ). The MTB was considered to be purely glycinergic since almost all neurons expressed GLYT2 but not GAD67 (Figure 5b ,c).
The MSO was found to have a laminar organization: In the coronal sections, the laminae were composed of 3-5 flattened cell bodies, which were piled up ventromedial (VM) to dorsolateral (DL) (Figure 4e-g ). The laminar organization was more obvious in GLYT2-immunostained materials (Figure 4h-j) . The MSO extended nearly 1 mm long in sagittal sections ( Figure 6a ) and was considered to be purely glutamatergic as almost all neurons expressed VGLUT2
but not GAD67 or GLYT2 (Figure 6b-d) . The LSO is a large ovoidshaped nucleus located in the caudal half of the SOC; the shapes of the nucleus and cell bodies were similar with other mammalian species (Figures 3e, 4a ). In addition, mRNA expressions of GAD67, GLYT2, and VGLUT2 were found in many LSO neurons (Figure 7b-d) .
Although we did not perform a multiple labeling experiment, according to rodent studies, it is likely that the LSO is composed of inhibitory neurons, which express both GABA and glycine, and excitatory glutamatergic neurons (Ito & Oliver, 2010; Moore & Trussell, 2017) . The periolivary nuclei (LVPO and MVPO) were mainly composed of inhibitory neurons expressing GAD67 and/or GLYT2 (Figures 6b,c, 7b ,c).
VGLUT2-expressing neurons were rare in the periolivary nuclei.
Therefore, relatively dense VGLUT2+ terminals in these areas (Figure 3d ,h, 4d) likely originate from different regions.
| Nuclei of the lateral lemniscus
The NLL is composed of three nuclei, namely, the VLL, ILL, and dorsal nucleus (DLL) (Figure 8a ). Compared with rodents, the ILL was enlarged and showed a clearly distinguishable cytoarchitecture to the 
| Inferior colliculus
The IC of the Japanese house bat is outstanding in terms of its size and intense immunoreactivity for GAD67, with the exception of the ventro-lateral part (Figures 1a,b, 10 ). GLYT2 mRNA was not expressed in the IC (Figure 9c (Figure 12f 4 -h 4 ). These density differences are likely due to the incidence of medium-sized cells, which were frequently found in the ICCd. IC cortices were defined by their relative locations to the ICC. The dorsal cortex (DC) was located dorsomedially, while the lateral cortex (LC) was located laterally to the ICC.
The LC was a three-layered structure (Figure 12d ). In Layer 1, the cell density was lower than in other layers. In Layer 2, flat cells were sparsely distributed, while Layer 3 was thicker than the other layers.
In the rostral sections, Layer 1 became thicker and was identified as the brachial nucleus of the IC (BIC). Rostral to the ICC, the rostral cortex (RC) appeared.
The IC subdivisions that were identified with the Nissl cytoarchitecture were further confirmed by immunoreactivities for VGLUT2
( Figure 10a 2 -d 2 ) , which is a marker of excitatory terminals originating from auditory brainstem nuclei (Ito et al., 2011) , and GAD67
( Figure 10a 3 -d 3 ) . GLYT2 immunoreactivity was examined in different animals ( Figure 11 ). GAD67 immunoreactivity was detected in both neuropils and cell bodies. GAD67 immunoreactivity was strong in the ICCd, LC, and the dorsolateral part of the RC ("m" in Figure 10a ,c).
This may correspond to GABA modules, which have been reported in rodents (Chernock, Larue, & Winer, 2004) . In the BIC, the ventromedial RC, DC, and ICCvl, GAD67 immunoreactivity was weak at a lower magnification (Figure 10a 3 -d 3 ) . At a higher magnification (Figure 12 ), the density of GAD67+ terminals was lower than other regions. In the ICCvm, an intermediate intensity of GAD67 immunoreactivity at a lower magnification was observed (Figure 10c 3 , d 3 ) . At a higher magnification, a dense cluster of GAD67+ terminals around Nissl-stained cells were frequently found (arrowheads in Figure 12g ). VGLUT2 immunoreactivity was detected in the terminals and was strong in the dorsal part of the RC, with the exception of the "m" domain ( Figure 12c 2 ), Layer 2 of the LC (Figure 12d 2 ), the DC (Figure 12e 2 ), and ICCd (Figure 12f 2 ). VGLUT2 immunoreactivity was weak in the BIC (Figure 12a 2 ), the ventral RC (Figure 12b 2 ), Layer 3 of the LC (Figure 12d 2 ), and the ICCvl (Figure 12h 2 ). Similar to GAD67, the ICCvm showed an intermediate density of VGLUT2+ terminals between the ICCd and ICCvl (Figure 12g 2 ). GLYT2+ fibers were densely distributed in deep layer of the LC and ventral part of the ICC (vm and vl) (Figure 11 ). Hence, a dorsoventral gradient of immunoreactivities of GAD67, VGLUT2, and GLYT2 was observed (Figure 10c, d, 11 ). 
| Distribution of the two classes of GABAergic neurons in the IC
Like other amniote species (mammals and birds) (Ito & Atoji, 2016; Ito et al., 2009 Ito, Inoue, Takada, 2015) , both LG and SG cells were found in the bat IC ( Figure 13 ). LG cells were found to have large somata, which were covered with dense VGLUT2+ terminals, while SG cells had small somata with few or no VGLUT2+ axosomatic terminals. We plotted the distributions of LG and SG cells in the subdivisions of the IC (Figure 13c) . In all subdivisions, LG cells had larger mean diameters than SG cells (p < 0.001, linear mixed modeling with Bonferroni corrections; Figure 13d ). In addition, the ratios of LG cells to all GAD67+ cells were similar between the subdivisions (p > 0.641, Tukey's multiple comparisons; Figure 13e ). These results suggest that
LG, SG, and glutamatergic cells form the basic components of the IC local circuitry for many mammalian species.
| Change in morphological features of LG neurons along the frequency axis of the IC central nucleus
Although all of the subdivisions contained LG and SG cells, it does not mean that the local circuits involving these cell types are the same in every microdomain of the IC. Rather, the ICC is subdivided into multiple synaptic domains that receive unique combinations of ascending inputs from lower auditory brainstem nuclei (Casseday, Fremouw, & Covey, 2002; Oliver, 2005) . Indeed, there was a tendency for LG cells in the ICCd, which represents a lower characteristic frequency (Goto, Hiryu, & Riquimaroux, 2010) , to have small somata that were encircled by dense, small VGLUT2+ terminals (Figure 14a ). In contrast, those in the ICCvm, representing a higher frequency (Goto et al., 2010) , had larger somata with fewer VGLUT2+ axosomatic terminals ( Figure 14b ). We further determined whether there was a relationship between ventro-dorsal (VD) location and the mean diameter of the LG and SG cells inside the ICC of the bat and rat (Figure 14c,d) . We determined this by calculations from the GAD67+ cell plots (Figure 13c of current study and data from Ito et al., 2009 ). We then tested several linear mixed models compared with Akaike's information criteria (AIC).
Data were compared between the models in order to choose the model that best described the distribution.
We first described the linear mixed models from the bat data. The null model, which assumed that the diameter y (in μm) was unrelated to the normalized VD location x, which takes a value between 0 (most ventral) and 1 (most dorsal), or cell types, was estimated as y = 12.13, with an AIC of 8,294. The "VD location" model, which assumed that the diameter was in a linear relationship to the VD location, was estimated as y = 12.35-2.23 x, with an AIC of 8,198. The "cell type" model, which assumed that the diameter was determined by the cell type, was estimated as y = 13.57 (if LG) and y = 11.10 (if SG), with an AIC of 7,551. The "VD location + cell type" model, which assumed that the diameter has a linear relationship to both the VD location and cell type, was estimated as y = 14.39-1.58 x (if LG) and y = 12.00-1.58 x (if SG), with an AIC of 7,482. The "VD location * cell type" model, which assumed that the diameter has a linear relationship to both the VD location and cell type with interaction between them, was estimated as y = 14.94-2.66 x (if LG) and y = 11.54-0.78
x (if SG) (Figure 14c) , with an AIC of 7,458, and was the lowest of all models. Furthermore, the deviance of the "VD location * cell type" model was significantly different from the other models (p < 0.001, likelihood ratio test using a parametric bootstrap method). We hence considered the "VD location * cell type" model as the model that best described the observed distribution. The model suggested that, in bats, the more ventral the LG somata were located, the larger their diameter is; such a relationship was weak in the case of SG cells.
The linear mixed models from the rat data showed a slightly different tendency. The null model was estimated as y = 13.05, and its AIC was 1,774. The "VD location" model was estimated as y = 13.53-1.03 x, and its AIC was 1,773. The "cell type" model was VLL is further subdivided as compact and multipolar division (VLLc and VLLm). Scale bars: 300 μm type" models were small. To validate these models further, we compared the deviance of the three models with the likelihood ratio test using a parametric bootstrap method. We found that the deviance of the "VD location + cell type" model was significantly different from that of the "cell type" model (p = 0.038). The deviance of the "VD location * cell type" model was not significantly different from that of the "cell type" and "VD location + cell type" models (p = 0.109 and 0.629, respectively). We hence considered the "VD location + cell type" model as the model that best described the observed distribution in rats. The model suggested that, in rats, the VD gradient of the diameter of LG somata was small and not different from that of the The size of excitatory axosomatic terminals was larger in highfrequency areas than in low-frequency areas. Such specialization was not observed in rats. 
| Medial geniculate body
Compared with rodents, the MGB of the Japanese house bat was well-developed ( Figure 15 ) and extended nearly 1 mm in the sagittal sections ( Figure 16 ). The ventral (MGV), dorsal (MGD), and medial (MGM) subdivisions, and the suprageniculate nucleus (SGN), were identified ( Figure 15a , e, i) according to a previous study (Winer & Wenstrup, 1994) . In the caudal part of the MGB, the brachial nucleus of the IC (BIC) was located medially to the MGB (Figure 15i-l) . The SGN is a small, compact nucleus and the somatic size was smaller than that in other regions. In addition, the density of GAD67+ and VGLUT2
terminals was the highest of all the MGB subdivisions (Figure 15b ,d,f, h). The MGM is composed of elongated neurons, and the cell density was the smallest of all MGB subdivisions. The MGV is composed of medium-sized cells, which tended to align medial to lateral. The cell density of the MGV was higher than the MGM and MGV. In addition, there was a medio-lateral gradient of the density of GAD67+ terminals in the MGV (Figure 15b ,f,j). VGLUT2+ terminals in the MGV were more intensely labeled than those in the MGD (Figure 15d ,h, l). The cells in the MGD represented more flattened cells than in the MGV and were aligned parallel to the surface of the MGB.
Based on our findings, the MGB was virtually a purely glutamatergic nucleus in that neurons expressing GAD67 mRNA were rare, and no GLYT2-expressing cells were found (Figure 16b-d) . Consistent with absence of expression of GLYT2 mRNA in IC and MGB, immunoreactivity for GLYT2 in the MGB was at the baseline level (Figure 15c,g,k) .
| DISCUSSION
In this study, we described the cytoarchitecture and neurotransmitter profiles of subcortical auditory nuclei in an echolocating bat species with FM biosonar for the first time. Using GAD67, GLYT2, and VGLUT2 as markers for GABAergic, glycinergic, and glutamatergic neurons, respectively, we estimated the homology of the auditory subnuclei in a more reliable way than in previous studies. In addition to the identification of auditory nuclei, we revealed that the morphological parameters of LG neurons in the IC were significantly different along the frequency axis of the ICC in bats but not in rats, which may reflect the specialized auditory function of bats.
| Organization of subcortical auditory nuclei in bats
The detailed cytoarchitectonic organization of auditory brainstem nuclei of several bat species has been summarized (Covey & Casseday, 1995) . The cytoarchitectonic features of the Japanese house bat resembled that of other Vespertilionidae bats such as the big brown bat for many points. The common features observed for both bat species were that (a) the DCN is not hypertrophied, (b) the MSO is well developed despite the small head, and (c) the NLL is subdivided into the DLL, ILL, VLLc, and VLLm. Such features are indeed common for many echolocating bat species, and are likely related to echolocation, but not to the types of echolocation pulses such as constant frequency succeeded by FM (CF-FM) or FM.
In contrast to the common similarities, there was a variety in the organization of the IC among bat species. In the mustache bat, which uses CF-FM as biosonar, the central nucleus is divided into three subdivisions and the frequency axis of the central nucleus is not straight but twisted due to the enlargement of one subdivision that represents 60 kHz, which is the main frequency of CF component of biosonar (Zook et al., 1985) . On the other hand, although there is an overrepresentation of the 40 kHz, the terminal frequency of the biosonar, the tonotopic organization of the IC of the Japanese house bat exhibited dorsoventral frequency gradient (Goto et al., 2010) , which is common in many mammalian species. The dorsoventral frequency gradient has also been reported in the big brown bat, which uses FM as biosonar (Casseday & Covey, 1992) . The distribution of GABA A receptors in the big brown bat IC (Fubara, Casseday, Covey, & Schwartz-Bloom, 1996) exhibits a strikingly similarity with the GAD67-immunoreactivity in the Japanese house bat IC observed in this study (Figures 1b, 10 ).
Although the Nissl cytoarchitecture of the IC was superficially similar with the common mammalian plan, the current study revealed that there is a dorsoventral specialization of the central nucleus of the IC. The ICCd exhibited a higher density of both glutamatergic and GABAergic terminals, and the ventral part, particularly the ICCvl, receives fewer terminals. This suggests that the convergence of ascending, local, and commissural excitatory inputs, all of which express VGLUT2 (Ito et al., 2011) , is more massive in the dorsal, lowfrequency areas than in the ventral, high-frequency areas. Interestingly, there is no clear difference in GABAergic puncta between the ICCd and ICCvm of horseshoe bats (Vater et al., 1992) , which use CF-FM pulses for echolocation. Thus, the ICCvl likely has different roles since, in the ICCvl, (a) the ratio of LG cells to all GABAergic neurons is ICCd has also been reported in horseshoe bats, while GABAergic terminal density is reportedly not different between the areas (Vater et al., 1992) .
In the MGB, significant interspecies differences in the presence of GABAergic neurons have been reported. In the cat and monkey, numerous GABAergic neurons are present (Ito, Inoue, Takada, 2015; Winer & Larue, 1996) , while in rodents they are very few (Ito et al., 2011) . In bats, interspecies differences have also been reported: In horseshoe bats, GABAergic neurons are sparsely distributed throughout the MGB, while in the mustache, palid, and Japanese house bats they are almost absent, particularly in the MGV (Vater et al., 1992; Winer & Larue, 1996) . As the horseshoe bat belongs to a distant clade among the bat species shown above (Tsagkogeorga, Parker, Stupka, Cotton, & Rossiter, 2013) , this difference may represent phylogeny rather than the type of echolocation.
In addition, GABAergic inhibition in the MGB of the Japanese house bat likely consists of a feedforward projection from LG neurons, with a feedback projection from the reticular thalamic nucleus.
| Molecular expression in the auditory nuclei
In this study, we used the expression patterns of VGLUT2, GAD67, and GLYT2 to identify subnuclei of the NLL and SOC (Figure 17 ). This In bats, average area of axosomatic terminals in the ventromedial part was significantly larger than those in the dorsal part (p = 0.002, linear mixed modeling). Note that data from rats were from raw confocal images whereas those from bats were from deconvoluted images. Therefore, interspecies comparison of density and terminal area may be inadequate was based on the fact that the ILL is the only nucleus that expresses VGLUT2 among the NLL, and MSO is pure glutamatergic nucleus (Ito et al., 2011) . The bat MSO also expresses VGLUT2, but not GAD67 or GLYT2, suggesting that the MSO of the Japanese house bat is homologous with that of other mammals. However, it must be noted that the MSO of the horseshoe and mustache bats contains a substantial number of GABAergic neurons (Vater et al., 1992) , thus the homology of the MSO in these species remains unsolved. In mustache bat, many GAD+ somata have been observed in the dorsal part of the MSO, and a dense GAD+ plexus was present in the dorsal part of the MSO ( Figure 5 of Vater et al., 1992) . In horseshoe bat, dorsal MSO receives dense GAD+ plexus and ventral MSO contains substantial GABAergic neurons ( Figure 5 of Vater et al., 1992) . As the SPO of the Japanese house bat is characterized by the presence of GAD67+ somata and a moderate density of GAD67+ fibers (Figures 3-4) , it is possible that SPO GABAergic cells are translocated inside the MSO of these CF-FM bat species.
We found slight interspecies differences in inhibitory neurotransmitter expression in the NLL. In rodents and the macaque monkey, the VLL co-expresses mRNA for GAD67 and GLYT2 (Ito, Inoue, Takada, 2015; Saint Marie, Shneiderman, & Stanforth, 1997; Tanaka & Ezure, 2004) , and in rodents it releases both GABA and glycine at the axon terminals (Moore & Trussell, 2017) . On the other hand, the VLL of the Japanese house bat is subdivided into the VLLc and VLLm, with the former expressing only GLYT2 but not GAD67, while the latter expresses both molecules. As the VLLc of the bat is considered to be devoted to the accurate temporal coding of sound onset (Covey & Casseday, 1991) , the virtual absence of the expression of GABA in the bat VLLc will produce sharper inhibitory postsynaptic potentials in the IC due to the activation of glycine receptors, which have shorter decay time constant than GABA A receptors (Grudt & Henderson, 1998) , in order to securely transmit temporal sound information.
Other monaural NLL nuclei, such as the VLLm and ILL, respond with latencies that are one to several milliseconds longer than those of FIGURE 17 Summary of expression of GAD67, GLYT2, and VGLUT2 in the subcortical auditory nuclei of Japanese house bat (a) and rodent (b). Rodent expression pattern is summarized after Ito et al. (2011) and Tanaka and Ezure (2004) . DPO, dorsal periolivary nucleus VLLc neurons, and spanning a considerably wider range of latencies (Covey & Casseday, 1991) . Thus, they have been suggested to work on different aspects of temporal information coding, such as duration and intensity (Covey & Casseday, 1995) , and likely have less importance for conveying sound onset information to the IC.
| Functional considerations
We discovered that the specialization of LG cells and the distribution of terminals are related to the dorsoventral frequency gradient of the ICC. As such specialization is not found in non-echolocating mammals, it is likely related to the echolocation behavior of the Japanese house bat. Here, we discuss highly speculative hypothesis related on the specialization of LG neurons.
Japanese house bats use FM pulses, of which the frequency changes up to 80 kHz to 40 kHz (Goto et al., 2010; Hiryu, Hagino, Riquimaroux, & Watanabe, 2007) . The terminal phase of the pulses shows little FM, and is considered to work similar to the CF pulses of other bats (called quasi-CF). In a unit recording study in the IC of the Japanese house bat (Goto et al., 2010) , the overrepresentation of 40 kHz, which is the terminal frequency of the FM pulse, was found, and many cells in the dorsal half of the IC have a best frequency around 40 kHz. Therefore, the ICCd is likely related to the analysis of the terminal, quasi-CF phase of FM calls. In the same study, it was also found that the latency to tone burst of the best frequency is highly variable in neurons with a 40 kHz best frequency. Such variability in latency has been suggested as a basis of delay coding of echoes of pulses, which help to measure the distance to the source of echoes (Dear et al., 1993; Ferragamo et al., 1998; Haplea, Covey, & Casseday, 1994) . In the mustache bat IC, this variability in latency is shaped by local inhibition by GABA (Park & Pollak, 1993) . Therefore, dense GAD67+ terminals in the ICCd found in Japanese house bats ( Figure 10 ) likely reflect the importance of inhibition in order to create variable latencies. This inhibitory innervation may arise from both lower brainstem and local IC GABAergic neurons. Excitatory VGLUT2+ inputs that drive the latter are also dense in the ICCd.
Taken together, the dense termination of excitatory and inhibitory terminals in the ICCd is implied as the specialization to create delay coding.
VGLUT2+ axosomatic excitatory terminals on LG cells arise from various brainstem nuclei; those from IC neurons are smaller than ones from lower brainstem sources Ito & Oliver, 2014) . In the Japanese house bat, LG neurons in the ICCd received smaller terminals than those in the ICCvm (Figure 14) , suggesting that the main sources of axosomatic excitatory inputs on ICCd LG neurons are local and commissural IC neurons, while those on ICCvm LG neurons are the DCN, SOC, and ILL. As LG neurons are GABAergic and send axons locally , LG cells may be driven by the onset response of IC neurons and, in turn, may inhibit local neurons. If the information of the onset of an FM pulse, which has a higher frequency component than the terminal phase, arrives at an LG soma faster than in neurons that receive inputs from the LG neuron, inhibition from the LG neuron will suppress the onset response and result in a longer latency. It has also been found that LG cells receive excitatory inputs from local neurons not only in the same fibrodendritic laminae but also from different laminae (Ito & Oliver, 2014) . Thus, it is very likely that LG neurons in the ICCd receive the onset activity of FM pulses, which are coded by higher frequency regions such as the ICCvm and ICCvl. Further investigation to identify IC cell types in vivo should clarify this issue whether LG neurons in the ICCd create delay lines or not.
We found that LG cells in the ICCvm have large somata, while also receiving fewer terminals. The reason for having larger cell bodies is unknown. As large neurons tend to have thicker axons and faster conduction velocities, which has been shown in several cell types (Cullheim, 1978; Lee, Chung, Chung, & Coggeshall, 1986) , LG neurons in the ICCvm may have thicker axons than ICCd LG neurons, and inhibit postsynaptic targets faster than those in the ICCd. Another possibility is with regard to the metabolic activity. In the IC, large cells show well developed cytoplasmic organelles, such as the rough endoplasmic reticulum (Paloff, Usunoff, Hinova-Palova, & Ivanov, 1989; Ribak & Roberts, 1986) , suggesting a high metabolic activity. In this case, ICCvm LG neurons may be considered a highly active cell type.
More detailed study regarding the morphology of LG neurons is warranted.
